Aims Although the perpetuation of several supraventricular arrhythmias is critically dependent upon intra-atrial conduction, the literature lacks detailed information on normal values of conduction velocity and degree of anisotropy. In order to explore these factors further, we have measured conduction velocities at the right atrial free wall during sinus rhythm and during atrial pacing in four directions parallel and perpendicular to the atrioventricular groove in patients with normal atria and stable sinus rhythm.
Methods and Results Using a Bard Cardiac Mapping
System, atrial ECGs were recorded using a 3 4 cm electrode array with 56 equally spaced bipolar electrodes in 12 patients undergoing open heart surgery due to ischaemic heart disease or Wolff-Parkinson-White syndrome. A bipolar pen probe connected to a Medtronic 5328 stimulator was used for pacing at a 10% higher rate than sinus rhythm. The local activation times were manually set and isochronal activation maps were created for each recording. The conduction velocities were calculated from the activation maps over a distance ranging from 2·2 to 4·2 cm.
The majority of the activation maps showed no signs of anisotropy; the others had less than 15% spatial inhomogeneity of conduction. Mean conduction velocity, calculated from five consecutive beats, was 88 1 at 270 , where 0 was parallel to the atrioventricular groove in the cranial direction and the angle increased counter-clockwise. Mean conduction velocity during sinus rhythm was significantly higher (P<0·05) than during atrial pacing at the 90 and 180 directions but not compared to atrial pacing at 0 or 270 . There was no significant difference in mean conduction velocity in different directions during atrial pacing.
Introduction
Whether electrical impulses travel from the sinus to the atrioventricular node over preferential conducting pathways has been contested [1] [2] [3] [4] [5] . Anatomical findings indicate the presence of three pathways, the anterior internodal pathway, the middle internodal tract and the posterior internodal tract [6] [7] [8] . The hypothesis of specialized tracts stems from the finding of cell types in the atrium that differ electrophysiologically and histologically, but it is not clear whether these different cells are responsible for more rapid conduction [6] [7] [8] . Preferential conducting pathways may exist, but they may be related to the spatial and geometric arrangement of atrial fibres rather than to specialized tracts [4, [7] [8] [9] [10] . Myocardial conduction velocity and its relationship to propagation direction has previously been measured in animal studies, both in strips of atrial or ventricular muscle and in the intact ventricular epicardium [11] [12] [13] [14] [15] [16] [17] . Although there is some variability in the reported velocities, a marked anisotropy was found in all studies, with faster propagation parallel to the long axes of the cardiac fibres than perpendicular to them. As atrial conduction velocity is of importance for perpetuation of several reentrant arrhythmias, and since there is a lack of data on the conduction velocity in the intact normal human atria, we have explored this question by measuring conduction velocities at the right atrial free wall during sinus rhythm and during atrial pacing in four directions parallel and perpendicular to the atrioventricular groove.
Material
Twelve patients with stable sinus rhythm undergoing open heart surgery due to ischaemic heart disease (nine patients) and the Wolff-Parkinson-White syndrome (three patients) were included in the study. None of the patients had any sign of diseased atrial myocardium. There were nine men and three woman, ranging in age from 44 to 76 years (mean age 62 years). The clinical characteristics of the patients are shown in Table 1 .
Methods
This study has been approved by the Ethical Committee of the Medical Faculty, Lund University, Sweden, approval number LU 261-91.
Data acquisition
Patients were anaesthetized with fentanyl (10-30 g . kg 1 ), droperidol (2·5-5 mg), isoflurane (0·5 MAC), nitrous oxide, midazolam, suxamethonium, propofol, morphine, thiopentone-sodium, halothane or alloferin. Median sternotomy was performed and after exposure of the heart, epicardial recordings were made at the right atrial free wall prior to connection to the heart-lung machine. All the patients were normothermic. A disposable electrode array was used to acquire data (4 cm Plaque Array, Bard Electrophysiology Division, C.R. Bard Inc., Havermill, MA, U.S.A.). It consisted of 112 contact points (each 1 mm in diameter) forming 56 bipolar electrodes placed in seven columns, named A to G, with eight bipolar electrodes in each column. The distance between the contact points in each bipole was 3 mm on average (range 2·8-3·2 mm), the distance between columns was 5·9 mm on average (range 5·6-6·2 mm) and the distance between rows 3·1 mm on average (range 2·9-3·3 mm). Each bipolar electrode was considered to receive signals from a measurement point with its centre in between the contact points. Each recording covered a rectangular area of 8·3 cm 2 . The recording area was at the right atrial appendage with the measurement point G8 approximately 2 cm from the apex of the appendage. Measurement point row 8 was parallel and as close as possible to the atrioventricular groove (Fig. 1) . In all patients, five consecutive recordings were made, one during sinus rhythm and one each during atrial pacing from four different sites. Pacing sites were close to measurement point D1, G5, D8 and A5, respectively (Fig. 1) . Pacing was performed at twice diastolic threshold using a hand-held bipolar pen probe connected to an external heart stimulator (Medtronic Model 5328 Programmable Stimulator, Medtronic, Inc., Minneapolis, U.S.A.). The pacing rate was chosen so as to be 10% faster than sinus rhythm. The time between the recordings was 1 min. Each recording consisted of 56 atrial bipolar ECGs, simultaneously acquired over 8 s. A Bard Cardiac Mapping System (bandwidth 30-300 Hz, sampling rate 1 kHz and 12-bits A/D-conversion) was used to acquire and temporarily store the signals.
Data analysis
In each recording, the local activation times were manually estimated by an experienced electrophysiologist and activation maps with isochrones were drawn for five consecutive beats. The conduction velocity of an activation wave was calculated as the propagated distance divided by the conduction time. The propagated distance of an activation wave was from the measurement point with the earliest activation to the measurement point at the edge of the recording area in the propagation direction and ranged from 21·7 to 41·5 mm. The conduction time of an activation wave was the difference between the corresponding local activation time of the measurement points where the activation wave entered and left the recording area, respectively. When two measurement points either both had the earliest activation or were at the edge of the recording area where the activation wave left the recording area and had the same local activation time, a point between the two measurement points was used to calculate the distance covered by the activation wave. The propagation direction of an activation wave is given as the number of degrees (0-360 ), starting with 0 parallel to the atrioventricular groove in the cranial direction and increasing in steps of 10 counter-clockwise ( Fig. 1) . Hence, pacing from a site close to measurement point A5 resulted in a propagation direction of 0 , D8 in 90 , G5 in 180 and D1 in 270 . During sinus rhythm the propagation direction with the highest velocity was calculated.
The mean conduction velocity of five consecutive beats during sinus rhythm and atrial pacing in different directions, was calculated in each patient. The standard deviation (SD) of the mean conduction velocity was also calculated, expressing intra-individual variability. The average of the mean conduction velocity in all patients was calculated for the five different cases (sinus rhythm and atrial pacing in four different directions). The SD of the average of the mean conduction velocity expressed the inter-individual variability in the respective direction. Student's t-test was used to calculate the significance of the differences obtained.
The degree of spatial inhomogeneity in conduction was also determined for each propagation direction. Based on the isochronal maps and morphology of the ECGs, areas with slow conduction, i.e. propagation velocity less than 50% of the mean conduction velocity in that direction, were identified and the percentage of such areas in relation to the total recording area was calculated (degree of spatial inhomogeneity). The five beats used to calculate the propagation velocity were also used for this analysis
Results
The registrations were complete in 12 patients, and one additional patient was excluded from the study due to failure of capture in one pacing direction. Mean conduction velocity was 88 9 cm . s 1 (mean SD) during sinus rhythm (ranging from 68 to 103 cm . s 
Conduction velocity and anisotropy during open heart surgery 295
The magnitude of the conduction velocity varied within the same patient as well as between the patients. The direction in which the highest conduction velocity was found also varied between the patients, with a dominance of the direction parallel to the atrioventricular groove in the cranial direction.
The degree of spatial inhomogeneity in conduction ranged between 0 and 14% in different recordings and patients. Thus, in most cases, non or only small parts of the recording area exhibited conduction disturbances. In all patients, the conduction disturbances detected were identical in all five beats analysed in respective direction, whereas the site of conduction disturbances changed with propagation direction. The mean degree of spatial inhomogeneity in all patients varied between 1·1 and 5·8% in different propagation directions, with the highest value in the 180 direction and the lowest value in the 270 direction. The latter value was significantly (P<0·05) larger than all other cases (including sinus rhythm) except the 0 direction. No significant differences were found between the other values. It should be noted that although no inhomogeneity in conduction (as we have defined it) was detected, the spread of activation was not necessarily radial but changed as it propagated across the recording area. The wavefront was most often convex close to the site of impulse formation (sinus node or pacing site) but changed appearance as the distance from the source increased.
Results are shown in Table 2 . Isochronal maps as well as selected ECGs from one beat during sinus rhythm and one beat in each of the different pacing directions in the same patient are shown in Fig. 2 . Both conduction with and without conduction disturbances is illustrated in this example.
Discussion
Although atrial myocardial conduction velocity is of crucial importance for perpetuation of supraventricular reentrant arrhythmias, surprisingly limited information is available regarding values in arrhythmia patients as well as in normal subjects. Estimation of conduction velocity from catheter recordings is hampered by difficulties in identifying the exact direction of the impulse. Thus, not only do multiple ECG recordings in which times of local excitation can be clearly defined need to be recorded, but they must be spatially well defined and positioned along all dimensions of the tissue involved. This goal has hitherto only been possible during open heart surgery. In the few published reports illustrating atrial conduction by multiple epicardial atrial ECG recordings, conduction velocity is either not given [18] [19] [20] or only briefly reported [21] . The present study was therefore designed to measure conduction velocity in the intact human right atrial epicardium and to explore its dependence on propagation direction. Although we found anisotropy in conduction velocity with respect to propagation direction in individual patients, this anisotropy was not consistent between patients and no significant difference in conduction velocity due to direction during atrial pacing was found in the study group as a whole. The conduction velocity during sinus rhythm was higher than during atrial pacing, although only significantly so when compared to propagation perpendicular to the atrioventricular groove in the dorsal direction and parallel to the atrioventricular groove in the caudal direction. In the one report where the conduction velocity of intact human atria is given, the same relationships between conduction velocities during sinus rhythm and atrial pacing was found, although their values in general were slightly lower [21] . Possible explanations for this discrepancy may be differences in patients' age and diseases and the influence of cooling of the atrial myocardium due to heart exposure during open-heart surgery. The fact that in the present study no general anisotropy was found in conduction in different directions is somewhat more unexpected. In previous studies, a ratio between two and five has been found between conduction velocity in a direction parallel to the long axis of the myocardial fibres compared to propagation perpendicular to the long axis [12] [13] [14] [15] [16] . These studies were performed on subepicardial and subendocardial strips of ventricular muscle, or on atrial and ventricular muscle bundles, e.g. atrial trabecula and the crista terminalis and ventricular muscle bundles from various mammals. In all these studies, efforts were made to find preparations with a constant arrangement of the fibres with respect to fibre axis direction. Another study has addressed the spread of activation in the intact left ventricular epicardium in dogs [17] . These experiments also showed that there is a strong interdependence between epicardial fibre direction and conduction velocity, with conduction velocity in the direction parallel to the long axis of the fibres approximately twice as high compared to the perpendicular direction. Similar findings have been made when propagation velocities in various preparations from the dog heart, including the crista terminalis from the right atrium, were investigated [11] . The propagation velocity was highest when the wavefront proceeded down the long axis of cells, smallest along the perpendicular axis and varied continuously and monotonically along intermediate axes.
In a study investigating the architecture of the human atria, it was shown that the human atrial walls consist of intricately intermingled muscular bundles oriented circumferentially and longitudinally [22] . The largest and strongest muscular bundle in the right atrium is the crista terminalis, a longitudinal muscular ridge. It originates from the anterior aspect of the septum, swings in front of the orifices of both caval veins and merges inferiorly into the sub-eustachian sinus near the orifice of the coronary sinus. About 15-20 pectinate muscles, almost parallel muscle ridges, arise along the length of the crista terminalis and extend anterolaterally and posteriorly in the wall of the right atrium. One or two of the upper pectinate muscles are very large and extend at right angles into the appendage. The rest divide into numerous branches in the lateral and posterior wall of the right atrium and attach directly to the tricuspid ring at right angles. The external muscle bundle of the right atrium spreads as a thin layer and overlies the pectinate muscles. In some cases, however, the external bundles are so weakly developed that they cannot be defined with certainty.
In the present study, one of these pathways, the crista terminalis, and most likely also a number of pectinate muscles were underneath the right atrial epicardium, where we made our recordings (Fig. 2) . This implies that our recordings were made in a rather complex structure involving several muscle bundles of different shapes and with different orientation of the fibres [23] . Simultaneous epicardial and endocardial activation sequence mapping has been performed in the isolated canine right atrium [24] . In general, the activation did not spread faster on either the epicardium or the endocardium, but in certain regions one surface could lead the other. These differences were correlated to the heterogeneous architecture of the right atrium. The largest differences in activation times between the epicardium and the endocardium were found in those regions where pectinate muscles ran below the epicardial surface. The discordant activation was also found in regions where the atrial wall thickness was <0·5 mm and correlated with transmural differences in fibre orientation. Thus, the finding in the present study that no general anisotropy in conduction was present at the epicardial surface of the right atrial free wall might very well be consistent with the presence of preferential pathways, such as the crista terminalis and the pectinate muscles, with marked conduction anisotropy, located subepicardially.
Limitations of the present study
An important limitation of the present study was that we only performed pacing at a slightly higher rate than the patients' sinus rhythm. Although no general anisotropy in conduction velocity was found during pacing, we cannot preclude that anisotropy is present in the human atria during atrial rates higher than achieved in the present study.
Further the conduction velocities determined in the present study were measured as spatial averages over distances determined by the size of the electrode array. This approach proved adequate as only minor conduction disturbances were documented in any of the measured propagation directions. It might have been of interest to explore whether any variability in local conduction velocity within the recording area was present, however. Also, only one area of the right atrial free wall was assessed. Due to differences in the structure between
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Eur Heart J, Vol. 19, February 1998 the appendage and the posterior part between the attachments of the caval veins, the conduction might have been different there. Further, the recording technique using multipolar epicardial electrode arrays required a material recruited from the population of patients undergoing open-heart surgery, implying that the recordings were not performed during normal conditions but under the influence of anaesthesia and artificial respiration. Also, although efforts were made to keep the patient and the recording area normothermic, the temperature of the atrial myocardium was not measured and may have been decreased, leading to a decreased conduction velocity [25, 26] . To what extent these circumstances have affected the results cannot be determined, however.
Conclusions
Conduction velocity in the epicardium of the right atrial free wall exhibits a clear variability in different 
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propagation directions in patients with stable sinus rhythm, but no general differences in conduction velocity due to propagation direction can be found. This does not exclude the presence of internodal pathways with preferential conduction, documented in several previous studies, knowing that such pathways run subepicardially and that experimental data have shown a clear discordance between epicardial and endocardial activation in the vicinity of such pathways.
